J Physiol 587.23 (2009) pp 5591-5600 5591

SYMPOSIUM REVIEW

Cell-cell and intracellular lactate shuttles

George A. Brooks

Exercise Physiology Laboratory, Department of Integrative Biology, 5101 Valley Life Sciences Building, University of California, Berkeley,
CA 94720-3410, USA

Once thought to be the consequence of oxygen lack in contracting skeletal muscle, the glycolytic
productlactateis formed and utilized continuously in diverse cells under fully aerobic conditions.
‘Cell-cell’ and ‘intracellular lactate shuttle’ concepts describe the roles of lactate in delivery of
oxidative and gluconeogenic substrates as well as in cell signalling. Examples of the cell-cell
shuttles include lactate exchanges between between white-glycolytic and red-oxidative fibres
within a working muscle bed, and between working skeletal muscle and heart, brain, liver
and kidneys. Examples of intracellular lactate shuttles include lactate uptake by mitochondria
and pyruvate for lactate exchange in peroxisomes. Lactate for pyruvate exchanges affect cell
redox state, and by itself lactate is a ROS generator. In vivo, lactate is a preferred substrate and
high blood lactate levels down-regulate the use of glucose and free fatty acids (FFA). As well,
lactate binding may affect metabolic regulation, for instance binding to G-protein receptors
in adipocytes inhibiting lipolysis, and thus decreasing plasma FFA availability. In vitro lactate
accumulation upregulates expression of MCTI and genes coding for other components of
the mitochondrial reticulum in skeletal muscle. The mitochondrial reticulum in muscle and
mitochondrial networks in other aerobic tissues function to establish concentration and proton
gradients necessary for cells with high mitochondrial densities to oxidize lactate. The presence
of lactate shuttles gives rise to the realization that glycolytic and oxidative pathways should
be viewed as linked, as opposed to alternative, processes, because lactate, the product of one
pathway;, is the substrate for the other.
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Introduction be used within the cells of formation or transported
through the interstitium and vasculature to adjacent
and anatomically distributed cells for utilization. Sub-
sequently, consistent with the lactate shuttle hypothesis,
results from studies on laboratory rodents, dogs and
humans have established that lactate is a quantitatively
important oxidizable substrate and gluconeogenic pre-
cursor as well as a means by which metabolism in diverse
tissues is coordinated, especially during physical exercise
when sympathetic stimulation of muscle glycogenolysis
and recruitment of fast-glycolytic muscle fibres cause
lactate flux to be high and circulatory transit time to
be low. Moreover, lactate functions as a regulator of
cellular redox state by exchange and conversion to its
more oxidized analogue, pyruvate, through actions of
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The linkages between glycolytic and aerobic metabolism
have long held interest in the fields of muscle physio-
logy, biochemistry and metabolism. In fact key discoveries
on the pathways and their linkages represent foundations
upon which the fields are built (Meyerhof, 1920; Hill &
Lupton, 1923). However, with newer technologies it has
been possible to obtain unique data and interpret older
data on lactate turnover in new ways. Hence, it is now
possible to hypothesize that together with blood glucose,
glycogen reserves in diverse tissues can be mobilized
to provide lactate, a glycolytic product that can either

This review was presented at The Journal of Physiology Symposium on

Physiological regulation linked with physical activity and health, which
took place at the 36th International Congress of Physiological Sciences
in Kyoto, Japan on 31 July 2009. It was commissioned by the Editorial
Board and reflects the views of the authors.
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lactate dehydrogenase (LDH). Furthermore, when lactate
is released into the systemic circulation and taken up by
distal tissues and organs, lactate also affects redox state
in the cells, tissues and organs of removal. In view of
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its purported autocrine-, paracrine- and endocrine-like
actions, lactate may be an important signalling molecule,
a ‘lactormone’

Recognition that there exist both intra- and extracellular
effects of lactate production and removal has led to
renaming of the original ‘lactate shuttle’ hypothesis
(Brooks, 1985) the ‘cell—cell lactate shuttle’ (Brooks, 1998).
As well, rapid progress in ongoing research has led to
an extension of the original hypothesis to include intra-
cellular components. The ‘intracellular lactate shuttle’
hypothesis was articulated when it was realized that
mitochondria isolated from rat heart, skeletal muscle and
liver oxidize lactate directly. Subsequently, after learning
that peroxisomes contain but a single glycolytic enzyme,
LDH, peroxisomes were found to contain MCT1 and
MCT?2 (McClelland et al. 2003). Thus, lactate is exchanged
on quantitative bases, both between and within cell
compartments. Although controversial only a few years
ago, the concept of lactate shuttles within and between
cells has been confirmed by others who have observed
lactate exchange between diverse cells and tissues including
astrocytes and neurons (Pellerin et al. 1998; Hashimoto
et al. 2008).

Historical perspective

History of thinking on the causes and consequences
of lactate production and removal has been reviewed
previously (Brooks, 2002). The notion that lactic acid is
formed as the result of oxygen lack can be traced to work
of Louis Pasteur in the nineteenth century (Pasteur, 1863).
Then at the beginning of the twentieth century, studies
on isolated frog muscles produced results that caused
investigators to find common threads in the metabolism of
yeast and muscles of lower vertebrates (Hochachka, 1980).
In 1920, using non-perfused and non-oxygenated frog
muscle preparations, Otto Meyerhof identified glycogen
as the precursor of lactic acid. He also provided evidence
strongly linking contraction to lactate formation and loss
of excitability.

Following the 1920 paper of Krogh and Lindhard who
first reported the exponential decline in O, consumption
in men after exercise, Hill and associates turned their
attention to studies of humans in an attempt to unite
the new knowledge of muscle biochemistry and human
metabolism. In 1923 Hill and Lupton defined ‘O, debt’
as the ‘total amount of oxygen used, after cessation of
exercise in recovery there from.” Recognizing that during
exercise onset and maximal exercise conditions there was a
‘deficit’ in oxygen consumption, Hill and associates sought
to measure the O, debt to obtain an energy equivalent
of the anaerobic lactate producing work done during
exercise.

In 1933 Margaria, Edwards and Dill reinterpreted the
biphasic curve describing whole-body Vo, during recovery
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from exercise. They concluded that the rapid O, debt phase
was a result of the restoration of phosphagen in recovering
muscle and named the phase ‘alactacid’ (not having to do
with lactic acid removal). The investigators also termed
the second, slow O, debt phase that coincided with the
decline in blood [lactate] as the ‘lactacid’ O, debt.

In the early twentieth century great physiologists
who worked on issues relating lactate metabolism and
muscle energetics achieved positions of eminence. Krogh,
Hill and Meyerhof became Nobel Laureates. D. B. Dill
became Director of the Harvard Fatigue Laboratory and
eventually served as President of the American Physio-
logical Society, and Rudolfo Margaria was appointed
Professor of Physiology in Milan. Thus, in the 1920s and
1930s the luminaries in science had adopted a Pasteur
effect—-O, debt model of interpreting data on glycolytic
metabolism. World events and science moved on and
the O, debt model was immortalized in textbooks of
physiology and biochemistry. Obviously, traditional and
contemporary lactate shuttle concepts are very different in
terms of how biochemical and physiological processes are
organized. Still, however, from standpoints of metabolic
integration and muscle energetics, interest persists in the
linkages between glycolytic and oxidative metabolism.

The cell-cell lactate shuttle

The initial lactate shuttle concept (Brooks, 1985) relied
heavily on the use of isotope tracers, and subsequently
we progressed to using combinations of techniques:
tracers, net exchange measurements, and muscle biopsies
(Bergman et al. 1999, 2000; Brooks, 2002).

Blood lactate kinetics in laboratory rats during exercise.
We developed treadmill calorimetry and ['*Cllactate
tracer infusion and blood sampling techniques to
simultaneously determine lactate flux and oxidation rates
on resting and exercising rats. Parallel experiments were
conducted using [*’H]-and [**C]glucose. These techniques
allowed us to compare and contrast the effects of training
on glucose—lactate interactions. We observed that lactate
was always produced and turned over rapidly, even in
resting animals. Oxidation accounted for approximately
half of lactate disposal rate (R4) at rest, and the fraction of
lactate removed by oxidation increased to 75-80% during
sustained treadmill running. Training did little to affect
lactate production (assessed from rate of appearance,
R,) in exercising rats; the major effect of training was
to improve lactate (La™) clearance rate (= Ry/[La™])
especially during exercise when metabolic rate was high.
And, by measuring *C-from infused tracer lactate into
blood glucose, as well as by [’H]- and ['*C]glucose
disposal rates, we established that lactate was the major
gluconeogenic (GNG) precursor in exercising rats (Brooks
& Donovan, 1983; Donovan & Brooks, 1983).
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Blood lactate kinetics in humans during exercise.
When stable, non-radioactive tracer technology became
available, we moved to the study of glucose—lactate inter-
actions in resting and exercising men and women on
whom we conducted both cross-sectional and longitudinal
training studies. First, we again demonstrated lactate
turnover and oxidation in resting, postabsorptive men
(Mazzeo et al. 1986) at sea level and high altitude
(Brooks ef al. 1991). Again, approximately half the lactate
production was disposed of via oxidation at rest, and
75-80% during exercise in the range of 50-75% Vo, max
(Fig. 1).

With combinations of *H, C and 'C tracers we
compared glucose and lactate fluxes and GNG from lactate
in men during rest and exercise. This body of work (Stanley
et al. 1986, 1988; Trimmer et al. 2002) is distinguished
by virtue of the simultaneous comparisons afforded. For
example, we reported comparisons of glucose and lactate
flux rates in men during rest and easy (40% Vo,max)
exercise (Stanley et al. 1986). During post-absorptive rest,
glucose flux is twice as great as lactate flux; however at
during even mild exercise lactate flux equals or exceeds
glucose flux. During harder exercises, lactate R, is far
greater than glucose Ry (Bergman et al. 1999; 2000).
Because tracers as well as limb arteriovenous (a—v)
differences for metabolite concentrations and isotopic
differences as well as blood flow measurements could be
obtained, simultaneous lactate uptake (extraction) and
release by working human limb muscles was demonstrated
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Figure 1. Lactate disposal (R;) and oxidation (Rox) rates plotted
as functions of oxygen consumption rate (Vo,) in 6 men at rest
and exercise power outputs eliciting 50 and 75% of Vo, max
Values are means = s.e.M. Reprinted from Mazzeo et al. (1986) with
permission of the American Physiological Society.
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(Fig.2), with production being equal to the total of
extraction and net release. In the same set of studies,
coronary sinus catheterization allowed measurements of
cardiac metabolism. In terms of lactate shuttling, it was
clear that lactate released from working muscle and other
tissue beds was the primary fuel for the heart during
exercise (Gertz et al. 1988).

In our earlier studies we could see little difference in
lactate production rates in trained and untrained men
exercising at equivalent power outputs; main differences
were in clearance rates. Subsequently, in a longitudinal
training study we (Bergman et al. 1999) confirmed
that training lowers arterial [La~] by increasing lactate
clearance (Fig. 3).

Facilitated lactate exchange transport across membranes.
Early on, and subsequently, we could see that whole
body and working muscle oxidation rates appeared
to follow Michaelis—Menten kinetics, so we moved to
determine if lactate exchange was mediated by lactate
transport proteins. Through our efforts and those of
others we now know that facilitated transport of lactate
across membranes is accomplished by a family of
monocarboxylate transport proteins (MCTs) that are
differentially expressed in cells and tissues. Initial evidence
for a carrier-mediated muscle cell membrane lactate
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Figure 2. Net lactate release, tracer-measured lactate extraction
and total lactate release (extraction + net release) in working
leg muscles as a function of time

Net lactate release underestimates total intramuscular turnover at all
times. Values are means + s.e.M., n = 6 for all but the last sample
when n = 3. Reprinted from Stanley et al. (1986) with permission of
the American Physiological Society.
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transporter obtained on rat sarcolemmal vesicles (Roth &
Brooks, 1990a,b) was followed by cloning and sequencing
of the first lactate (monocarboxylate) transport protein
(MCT) (Garcia et al. 1994). That discovery was soon
followed by cloning and sequencing of several additional
isoforms that are differentially expressed in mammalian
tissues (Price et al. 1998). In the study of Bergman
et al. (1999), muscle biopsies were taken and Western
blots showed training effects on expression of muscle
sarcolemmal and mitochondrial MCT1, but not MCT4
(Dubouchaud et al. 2000). Training-induced changes in
expression of sarcolemmal MCT1 and mitochondrial
proteins resulted in an increase in working muscle lactate
clearance during exercise.

Lactate as a gluconeogenic precursor. Not all lactate
produced in muscle is disposed of immediately by
oxidation, so during exercise arterial [lactate] rises when
there is net release from working muscle beds (Brooks
et al. 1991). But this too provides utility, allowing
working muscle and other tissues to fuel the heart (Gertz
et al. 1988), as well as to serve as a gluconeogenic
precursor. We have studied gluconeogenesis during
exercise by various means, including dual isotope labelling
involving combinations of D2- and *C-labelled glucose
(Friedlander et al. 1998), and the secondary labelling
of glucose from infused ["*C]lactate (Bergman et al.
2000). Additionally, most recently we have developed
and employed the lactate clamp technique that involves
the combination of exogenous lactate and isotope
tracer infusion (Miller et al. 2002a,b). Moreover, we
have compared gluconeogenesis from lactate with other
precursors (e.g. glycerol, Trimmer et al. 2002), and the
predominant role of lactate is always evident, not just
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Figure 3. Effects of exercise intensity and training on lactate on
lactate metabolic clearance rate (MCR)

Values are means =+ s.e.M. for 8-9 subjects. Reprinted from Bergman
et al. (1999) with permission of the American Physiological Society.
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during exercise (Stanley et al. 1988; Brooks et al. 1991;
Bergman et al. 2000; Trimmer et al. 2002). It is remarkable
that while lactate is disposed of mainly through oxidation
and only a minor fraction supports GNG, lactate is the
main gluconeogenic precursor during sustained exercise.

The intracellular lactate shuttle

To oxidize lactate it was hypothesized that mitochondria
needed a symport such as an MCT, and LDH,
both of which were subsequently identified (Brooks
et al. 1999a,b). Though controversial because of
deficiencies in methodology by some other investigators,
using contemporary techniques Pagliarini et al. (2008)
developed the MitoCarta identifying over 1000 proteins
in the mitochondrial proteome; among those are LDH
and MCT1. Historically, the histochemical localization of
LDH in mitochondria of rat heart and skeletal muscle is
attributable to efforts of Baba and Sharma (1971) who used
electron microscope histochemistry and showed LDH to
be associated with the inner membrane and matrix of rat
pectoralis and cardiac muscle mitochondria. They were
probably the first to speculate on the presence of a ‘lactate
shuttle’, but in the absence of physiological or biochemical
data they were unable to expand on the significance of
their observation.

Perhaps the first depiction of an intracellular lactate
shuttle was by Hochachka (1980) who linked the
presence of a unique LDH isoform (LDH-C) to the ability
of sperm mitochondria to oxidize lactate. Hochachka fully
recognized the physiological and evolutionary significance
of lactate oxidation by sperm mitochondria, but he did not
have the opportunity to extend his findings to other cell
systems.

In the late 1980s Kline et al. (1986) and Brandt
et al. (1987) demonstrated the presence of LDH in
rat liver, kidney and heart mitochondria. Further, they
showed that isolated liver mitochondria were capable
of oxidizing lactate at least as fast as pyruvate (Kline
et al. 1986). They interpreted their results as permitting
the lactate shuttle (Brandt et al. 1987). Subsequently,
the ability of isolated muscle mitochondria to oxidize
lactate has been confirmed (Brooks et al 1999b),
as has the intra-mitochondrial localization of LDH
(Dubouchaud et al. 2000; Hashimoto et al. 2005, 2006,
2008; Pagliarini et al. 2008; Passarella et al. 2008).
Additionally, the mitochondrial lactate/pyruvate trans-
porter in muscle has been identified as MCT1 (Brooks et al.
1999a; Dubouchaud et al. 2000; Hashimoto et al. 2005,
2006, 2008; Pagliarini et al. 2008). Because proton and
concentration gradients are necessary for lactate flux via
diffusion and facilitated transport, and because removal
of lactate is via oxidation and gluconeogenesis, actively
respiring mitochondria are essential for lactate shuttles to
operate (Brooks, 2002). The role of mitochondrial LDH
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in gluconeogenesis has been emphasized by Passarella and
colleagues (2008).

Beyond a cytosol to mitochondria lactate shuttle, other
intercellular lactate shuttles are likely to exist, for instance
between cytosol and peroxisomes where it is known that
a system for the reoxidation of NADH is essential for the
functioning of S-oxidation. In this context it is noteworthy
that to control peroxisomal redox balance, lactate for
pyruvate exchange across peroxisomal membranes must
be accomplished (McClelland et al. 2003).

Results of studies using proton and '*C-NMR support
the contention of lactate shuttles in vivo, but the data
suggest that our knowledge of cell-cell and intracellular
lactate exchange and metabolism are in their infancy.
For instance, while results from NMR spectroscopy show
preferential lactate oxidation in skeletal muscle (Bertocci
& Lujan, 1999) and heart (Laughlin ef al. 1993; Chatham
et al. 2001), the pathways are not necessarily as expected.
Pyruvate tracer given into the circulation is rapidly
converted to lactate, likely to occur through uptake via the
action of LDH in erythrocytes and cell lactate/pyruvate
exchange mediated by MCT1. With tracers injected
directly into the myocardial circulation, ["’C]pyruvate
exchanges with lactate and alanine in cytosol, all three
peaks being visualized in spectra (Chatham et al. 2001).
However, when ["*C]lactate is injected, cytosolic pyruvate
is not visualized (Laughlin et al. 1993). Most recently,
Chatham et al. (2001) have elaborated on this apparent
compartmentation of lactate metabolism and results of
their studies indicate preferential oxidation of exogenous
lactate in heart with glycolytically derived lactate exported
from heart.

Is lactate a signalling molecule (a ‘lactormone’)?

Redox signalling. Lactate is more reduced than
its complimentary keto-acid, pyruvate. Consequently,
whenever lactate is oxidized to pyruvate, or exchanged
for pyruvate, and subsequently oxidized, cell redox
balance is changed. Hence, lactate production in one
cell compartment and its removal in another, whether
the compartments are adjacent or anatomically removed,
represents a major signalling mechanism because redox
changes occur at the millimolar as opposed to the micro-
or nanomolar level.

Examples of lactate substituting for and
down-regulating the use of energy substrates abound.
When arterial lactate rises during exercise, it becomes the
predominate fuel for the heart, decreasing relative use of
other energy substrates (Gertz et al. 1988). With regard
to glucose, we (Miller et al. 2002a,b) found that when the
arterial [La~] was clamped (raised) at 4 mm by exogenous
infusion in resting or exercising men, lactate disposal
and oxidation increase with a stoichiometric decrease in
glucose disposal and oxidation.

© 2009 The Author. Journal compilation © 2009 The Physiological Society
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With regard to FFA mobilization, in the field of exercise
physiology, the effect of acidosis inhibiting lipolysis
has long been recognized as plasma [FFA] falls during
hard exercise when arterial [La—], rises (Brooks, 1998).
More recently, Liu et al. (2009) showed that lactate
inhibits lipolysis in fat cells through activation of an
orphan G-protein coupled receptor (GPR81) that acts
as a lactate sensor, the response of which is to inhibit
lipolysis.

With regard to FFA oxidation, it is widely recognized
that when exercise is hard and arterial [La~] rises,
FFA oxidation decreases because of mass action and
redox control (Brooks, 1998, 2002). When glycolysis is
accelerated during muscle contraction, concentrations of
the glycolytic products lactate and pyruvate (Pyr™) rise
as does the lactate/pyruvate ratio ([La™]/[Pyr~]). At rest,
the [La~]/[Pyr~] in muscle and venous effluent from
a muscle bed approximates 10, but the ratio rises an
order of magnitude or more during moderate intensity
exercise (Henderson et al. 2004). The monocarboxylate
pair dominates substrate entry into the mitochondrial
matrix (Saddik et al. 1993; Brooks, 1998; Friedlander
et al. 1998), giving rise to acetyl-CoA and, thereby,
malonyl-CoA formation. The rise in malonyl-CoA inhibits
the entry of activated FFA into the mitochondrial
matrix by inhibiting carnitine—palmitoyl transferase-1
(CPT1) (Saddik et al. 1993). As well, the accumulation
of acetyl-CoA down-regulates p-ketothiolase, the
terminal and rate-limiting enzyme of the mitochondrial
B-oxidation pathway, which is sensitive to redox and
substrate inhibition.

Gene expression. In addition to short-term effects on
cell metabolism via redox modulation, lactate has the
potential to produce long-term changes via effects on
gene expression. It has long been known that endurance
training stimulates mitochondrial biogenesis (27). As well,
we (6) observed that endurance training increases MCT1
expression, and also that changes in MCT1 expression
correlated with levels of mitochondrial proteins. Those
observations on laboratory rats and humans led us to
suspect that lactate was a signalling molecule that affected
its own metabolism.

Monocarboxylate transporter isoforms (e.g. MCT1) are
members of a gene super family coding for solute trans-
porters. The first protein identified was termed MCT1 by
the discoverers, Garcia et al. (1994). Of the family, the first
four isoforms are lactate/pyruvate transporters. Of those,
MCT1 (SLC16A1) is most widespread, being expressed in
diverse cells and tissues from neurons to erythrocytes and
sperm (Price et al. 1998). As well, MCT1 is expressed in
various cell domains; in muscle those include the plasma
(sarcolemmal) (Garcia et al. 1994 ), mitochondrial (Brooks
et al. 1999a) and peroxisomal (McClelland et al. 2003)
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membranes. Because of our interest in understanding
muscle lactate metabolism, to date we have focused on
the regulation of MCT'1 expression.

The art of cell culture traditionally involves cell
incubation in high glucose media under aerobic
conditions. Basic techniques have been in existence for
nearly a century. Initial studies with L6 cells produced
perplexing results on the effects of the above-identified
putative physiological signals of MCT1 expression (e.g.
H,0,, lactate, H*, Ca’**) until we understood our cell
system and believed our hypothesis that lactate was a
physiological signal. Then, remembering the Warburg
effect, we realized that the cells glycolyse rapidly and
hence produce lactate continuously. So, if lactate were a
physiological signal, in high glucose medium cells would
produce lactate continuously, and the expression of MCT1
would rise correspondingly. In fact, continuous lactate
production under fully aerobic conditions and rising
MCTT1 protein levels were features of our initial studies.
Therefore, we found it necessary to control incubation
[lactate] because changing lactate was accompanied by
changing MCT1 protein level.

After realizing the problem of baseline drift in MCT1
expression due to endogenous lactate production, we
could describe ordered changes in MCT1 mRNA and
protein levels in response to [lactate] (Fig. 4). These data
can be interpreted to indicate regulation at the level of
transcription (Hashimoto et al. 2007).

With regard to the mechanism of lactate signalling in
cultured L6 cells, we pursued the hypothesis of reactive
oxygen species (ROS). This suspicion arose from studies
of the role of lactate in wound healing, and was reinforced
based on our analysis of the MCT1 gene promoter region
which suggested the presence of multiple potential binding
sites for known ROS-responsive transcription factors
such as cAMP response element-binding protein (CREB),
nuclear factor-kB (NF-«B), activated protein-a (AP-1),
stimulating protein-1 (SP-1), and nuclear factor erythroid
2 (NF-E2, or Neff) (Hashimoto et al. 2007.

Accordingly, to confirm the idea of lactate as a ROS
generator, we determined hydrogen peroxide (H,0,)
production in L6 cells exposed to 20 mM lactate. Both high
glucose and lactate supplemented peroxide production
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(Hashimoto et al. 2007). The results obtained by us are
consistent with those of others showing high glucose to
affect ROS production. However, our results are novel
for the effect of lactate as a ROS generator in cultured
myocytes.

In order to examine whether increased MCT1 gene
expression in L6 cells after lactate incubation involved
activation of ROS-sensitive transcription factors, we
assessed DNA binding using EMSA after 20 mMm lactate
treatments ranging from 10 min to 24 h. Increased NF-«B
DNA binding was detected from 10 min to 3 h. As well,
lactate incubation increased NF-E2 DNA binding activity,
but no changes in binding activities of AP-1 and SP-1
were detected. Hence, it appeared that NF-«B and NEF-E2
DNA binding are responsive to lactate-induced oxidative
stress.

Because the terminal electron transport chain
element cytochrome oxidase (COX) as well as lactate
dehydrogenase (LDH) and MCT1 may constitute a
mitochondrial lactate oxidation (LOX) Complex (20), we
determined the effect of 20 mM lactate incubation on
COX and peroxisome proliferator activated receptor y
coactivator-la (PGCla) protein levels. PGCla is of inter-
est because it is considered to be a master coordinator of
mitochondrial biogenesis. Consistent with the purported
role of PGCla, we observed elevated PGCloe mRNA and
protein levels in L6 cells after incubation in 20 mM. As
well, lactate incubation increased L6 cell COX mRNA and
protein levels (22).

In its role as a master coordinator of mitochondrial
biogenesis, PGCla interacts with transcription factors
for mitochondrial gene expression, including those for
COX, such as CREB, nuclear respiratory factor (NRF)-1
and NRF-2. Accordingly, we determined the effect of L6
cell incubation on NRF-1, NRF-2 and CREB binding to
DNA. Lactate incubation did not affect DNA binding to
NREF-1, but binding activity for NRF-2 was increased after
1 h incubation in 20 mm lactate, and CREB binding was
increased within 30 min incubation (Hashimoto et al.
2007). In the aggregate these findings can be interpreted to
mean thatlactate exposure increases MCT1 expression and
mitochondrial biogenesis, the latter by binding to NRF-2
and CREB to DNA.

251 MCT1 Protein o 1.3p  MCT1 mRNA .
2 ¥ 12
1.5 1.9
AU AU . .
1 1 Figure 4. MCT1 message (A), and protein levels
(B) in L6 cells after 1 h incubation at the indicated
0.5 0.9 [lactate] levels
A good correlation between message and protein
0 0.8 levels is apparent. Protein levels determined from
0 mmM 10mM 20 mM 0 mM 10mM 20 mM Western blotting and mRNA from RT-PCR. Data from
lactate  lactate lactate lactate  lactate lactate Hashimoto et al. (2007).
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As exercise physiologists interested in advancing
knowledge of the linkages between glycolytic and oxidative
metabolism, we were excited about the prospects for
attributing relevance to the above described studies using
contemporary molecular and biochemical techniques.
Hence, we sought means to conduct studies at several levels
of physiological organization, and with access to confocal
laser scanning microscopy, we sought to visualize the
mitochondrial reticulum as well as protein components
of the mitochondrial lactate oxidation complex proteins
in cultured myocytes (Fig.5). Using combinations of
primary and fluorescently labelled secondary antibodies
plus MitoTracker Red and dual-wavelength scanning
confocal microscopy, colocalization of MCT1, COX and
LDH is seen in mitochondria (Hashimoto et al. 2005, 2006,
2008). These results were confirmed by two independent
techniques, immunocoprecipitation and Western blotting
of isolated cell fractions (Hashimoto et al. 2006). To
date, work related to visualizing mitochondrial dynamics
has involved MCT1 and other LOX proteins (Hashimoto
et al. 2005, 2006, 2008). Work on determining effects
of physiological signals affecting expression of the four
GTPases (Mfnl, Mfn2, OPA1, Drpl) and Fisl are in
progress.
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Concern about results obtained on an immortalized
cell line are mitigated by observations that similar results
were obtained on adult rat plantaris, a mixed fibre type
skeletal muscle (Fig. 6) (Hashimoto et al. 2005). Again use
of primary antibodies and fluorescentlylabelled secondary
antibodies along with dual-wavelength confocal scanning
microscopy showed colocalization of MCT1 and COX at
the sarcolemmal surface as well as throughout oxidative
fibres. Results for MCT2 were less robust (Fig. 6B2 and
B3).

Generality and applicability

Before summing up it is important to acknowledge the
limited coverage provided in this review of the diverse
aspects of lactate metabolism and cell signalling. In
particular, it needs to be acknowledged that the above
described the effects of lactate on gene expression have
yet to be demonstrated in vivo. Still, the literature
contains ample reports showing a role of lactate in
metabolic regulation at diverse levels of physiological
organization. Cell-cell and intracellular lactate shuttles are
well described in exercise physiology and neurophysiology.
Elucidation of the role of lactate in gluconeogenesis (i.e.
the Cori cycle) demonstrated that lactate is the major

MitoTracker

Figure 5. Immunohistochemical images demonstrating some components of the lactate oxidation

complex in cultured L6 muscle cells

This complex involves the mitochondrial constituent cytochrome oxidase (COX), the lactate—pyruvate trans-
port protein (MCT1), lactate dehydrogenase (LDH) and other constituents. A, co-localization of MCT1 and
the mitochondrial reticulum. MCT1 was detected at both sarcolemmal and intracellular domains (A7). Using
MitoTracker the mitochondrial reticulum was extensively elaborated and detected at intracellular domains
throughout L6 cells (A2). When signals from probes for the lactate transporter (MCT1, green, A7) and mitochondria
(red, A2) were merged, superposition of the signals (yellow) showed co-localization of MCT1 and components
of the mitochondrial reticulum, particularly at perinuclear cell domains (A3). B, lactate dehydrogenase (LDH) (B7)
and mitochondrial cytochrome oxidase (COX) (B2) are imaged. Superposition of signals for LDH (red, B7) and COX
(green, B2) shows co-localization of LDH in the mitochondrial reticulum (yellow) of cultured L6 rat muscle cells
(D3). Depth of field ~1 um, scale bar = 10 um. Reprinted from Hashimoto et al. (2006) with permission of the
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3-C gluconeogenic precursor. The Cori cycle was the first
recognized example of a cell-cell lactate shuttle. First
seen in muscle, mitochondrial lactate transporters and
LDH have been demonstrated to exist in astrocytes and
neurons (Hashimoto et al. 2008) and diverse other tissues
including sperm (Hochachka, 1980). Recently, Chari et al.
(2008) found that intra-cerebroventricular (ICV) lactate
administration lowered glucose R, and insulin action in
rats with streptozotocin- and dietary induced diabetes.
And, during human exercise arterial lactate is taken up
and oxidized by the brain (Van Hall et al. 2009). These and
other findings can be interpreted to mean that lactate is
involved in the response to alterations in nutrient sensing.
It is likely that other roles of lactate shuttles will be
discovered.

The good, the bad (yin—yang, Darth Vader vs. Jedi
Knight) of lactate is perhaps no more elegantly illustrated
than in the recent work of Sonveaux et al. (2008). Tumour
cell growth and metabolism involves lactate shuttling
between glycolytic and rapidly respiring cells. Therefore,
an opportunity exists to target and block MCT-mediated
lactate exchange, thereby killing cancer cells.

A1l

COX +A2.,
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Summary

This is a rapidly changing field and contemporary under-
standing of the role of lactate metabolism has changed
dramatically from classic views. Once thought to be
the consequence of oxygen lack in contracting skeletal
muscle, we know now that lactate is formed and utilized
continuously under fully aerobic conditions. Lactate is
actively oxidized at all times, especially during exercise
when oxidation accounts for 70-75% of removal and
gluconeogenesis for most of the remainder. Working
skeletal muscle both produces and uses lactate as a
fuel, with much of the lactate formed in glycolytic
fibres being taken up and oxidized in adjacent oxidative
fibres. Because it is more reduced that its keto-acid
analogue, sequestration and oxidation of lactate to
pyruvate affects cell redox state, both promoting energy
flux and signalling cellular events. Lactate diffusion and
carrier-mediated lactate exchange occur down proton and
concentration gradients. These gradients are established
by mitochondrial respiration that is responsible for
oxidation and gluconeogenesis. Thus, training that
gives rise to mitochondrial biogenesis (Holloszy, 1967)

MGCT1 %A3 Merged
" N o

‘1 ,

Figure 6. Cellular locations of MCT1 and MCT2 lactate transporter isoforms and the mitochondrial
reticulum (cytochrome oxidase, COX) in adult rat plantaris muscle determined using confocal laser
scanning microscopy (CLSM) and fluorescent probes for the respective proteins

Comparisons for MCT1 are shown in the first row (A7-A3), and for MCT2 in the second row (B7-B3). The
localization of COX was detected in rat plantaris muscle (A7 and B7). MCT1 was detected throughout the cells
including subsarcolemmal (arrowheads) and interfibrillar (arrows) domains (A2). MCT1 abundance was greatest
in oxidative fibres where COX is abundant and the signal strong. When these MCT1 (green) and COX (red) were
merged, superposition of the two probes was clear (yellow), a finding prominent at interfibrillar (arrows) as well
as sarcolemmal (arrowheads) cell domains (A3). In contrast, the signal for MCT2 (B2) was weak, relatively more
noticeable in fibres denoted by strong staining for COX (B7 and B3, broken line is delineated around oxidative
fibre to distinguish the faint signal for MCT2). Overlap of MCT2 and COX is insignificant, denoted by absence of
yellow in B3. Scale bar = 50 um. Sections are from the same animal. Reprinted from Hashimoto et al. (2005).
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establishes the diffusion gradients for increased lactate
clearance during exercise. Facilitated lactate transport
is accomplished by a family of monocarboxylate trans-
port proteins (MCTs) that are differentially expressed
in cells and tissues. The mitochondrial lactate/pyruvate
transporter appears to work in conjunction with
mitochondrial LDH that permits lactate to be oxidized
within actively respiring cells, thereby establishing the
gradients driving lactate flux. Glycolysis accompanied
by lactate oxidation within cells permits high flux
rates and maintenance of redox balance in cyto-
sol and mitochondrial compartments. Because of its
powerful effects on cell redox, lactate influences metabolic
regulation at diverse levels in multiple cells. The presence
of cell-cell and intracellular lactate shuttles gives rise to the
notion that glycolytic and oxidative pathways be viewed
as linked, as opposed to alternative, processes, because
lactate, the product of one pathway, is the substrate for the
other.
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